Starting from the heavy meson axial exchange currents constructed earlier in conjunction with the Bethe-Salpeter equation, we first present the axial ρ-, ω-and a 1 meson exchange Feynman amplitudes, which satisfy the partial conservation of the axial current. Employing these amplitudes, we derive the corresponding heavy meson weak axial exchange currents in the leading order in the 1/M expansion (M is the nucleon mass), suitable in the nuclear physics calculations with the wave functions, obtained by solving the Schrödinger equation using the one-boson exchange potentials. PACS number(s): 11.40. Ha, Typeset using REVT E X *
I. INTRODUCTION
The heavy meson axial exchange currents were shown [1] , [2] to be important in analyzing the experimental data on the first-forbidden beta decay in heavy nuclei [3] , [4] . It was found that the time component of the heavy meson axial exchange currents contributes to an enhancement factor ε mec by about the same amount, as the time component of the pion exchange current. This factor, defined [3] , [4] as the ratio of the deduced matrix element to its impulse-approximation value, for the analysis in the nuclei with A=205-212 is ε mec = 1 + δ mec = 2.01 ± 0.05 .
(1.1)
The main heavy meson exchange contribution to δ mec calculated in [2] using a Fermi gas model was due to the σ meson. The approach of [2] is based on relating the meson exchange potential to the axial exchange charge density by attaching the one-nucleon axial charge density operator to all four external lines of the potential. The obtained result in [2] for the enhancement factor is ε mec =1.95-2.10, depending on the potential parameters. Let us note that this method of constructing the exchange currents does not respect the chiral invariance.
More detailed analysis performed by Towner [1] is based on the construction of the Born amplitudes for the scalar, pseudoscalar, vector and pseudovector exchanges, from which nuclear exchange charge operators are obtained by using the extended S-matrix method [5] .
As discussed in sect.3.3 [1] , the Born terms are supposed to satisfy the partial conservation of the axial current (PCAC) with the associated pion absorption amplitude. The heavymeson contributions to the axial-charge matrix elements are evaluated using the shell model wave functions. The numerical analysis shows rather good agreement with the data for light nuclei, but the data are underestimated in the lead region. Indeed, one has for the experimental value of the ratio r=δ mec (A=208)/δ mec (A=16)=1.58±0.09, which is larger than the calculated ratio r=1.38. Let us note that the weak interaction part of the problem studied in [1] profits from the hard pion Lagrangian [6] , [7] .
As it is seen from the result for the ratio r, the pair terms do not account fully for the data. This makes an idea plausible that other exchange processes can contribute. Here we report on the construction of the full nuclear axial exchange operator from chiral Lagrangians of the Nπρ ωa 1 system. One of them is the same Lagrangian [6] , [7] with the heavy mesons taken as the Yang-Mills (YM) gauge fields [8] . Another employed Lagrangian has recently been built [9] within the concept of hidden local symmetries (HLS) [10] , [11] . Both Lagrangians have recently been used in [12] for construction of the operator of the axial exchange currents in conjunction with the Bethe-Salpeter (BS) equation. These currents do not contain the nucleon Born terms, because their contribution is accounted for when calculating the contribution from the one-nucleon current. The constructed operators of the one-and twonucleon currents satisfy the Ward-Takahashi identities and the matrix element of the full current between the two-nucleon solutions of the BS equation satisfies the PCAC equation. These currents contain also pieces that do not contribute for the on-shell nucleons.
It follows from what we have just said that for our purpose, we can use these current operators sandwiched between the Dirac spinors, but we should add the nucleon Born terms. As we shall see later, these relativistic amplitudes satisfy the continuity equation that differs from the one obtained in [1] : one should add other amplitudes to the Born terms in order to get the PCAC. From these amplitudes, we then derive the nuclear currents, using the method elaborated in [5] . These currents satisfy the nuclear PCAC equation. At last, we perform the non-relativistic reduction of the currents. It will be seen that there exists other current than pair terms that can contribute to the enhancement factor in heavy nuclei.
Let us note that the constructed axial heavy meson exchange currents can be used also in calculations of other nuclear physics processes, such as (i) the neutrino reactions in nuclei at intermediate energies,
(ii) the weak transitions in light nuclei, in particular the tritium beta decay [13] , [14] , ordinary muon capture in 2 H and 3 He 1 , and the solar fusion pp and p 3 He processes [17] , [18] , so important for the determination of the flux of the solar neutrinos, (iii) and the parity violating (PV) electron scattering that aims at elucidating the strange quark contribution to the electromagnetic structure of the nucleon.
The clean experimental investigation of the neutrino oscillations is offered by exploiting the ratio of charged (CC) and neutral (NC) cross sections for the neutrino-deuteron reactions, 4) where ν x refers to any active flavour of the neutrino.
These reactions are important for studying the solar electron neutrino oscillations (l = e) and they are the main object of the SNO detector [19] at present. The aim of the detector is to compare the flux of the electron neutrinos produced in the sun presumably by the reaction 8 B −→ 8 Be * + e + + ν e , E ν ≤ 15 MeV , (1.5) to the flux of all active flavours of the neutrinos. Deviation of this ratio from the prediction based on the Standard Model with the ansatz of zero neutrino mass provides [20, 21, 22] a strong support for the massive neutrinos, but not for the violation of the lepton U(1) symmetry. The fate of this symmetry is strongly correlated with the experimental evidence of the nuclear neutrinoless double β-decay [23] , [24] .
Among other experimental activities, SNO intends to measure the flavour composition of the atmospheric neutrino flux [19] . The energies of these neutrinos can be much higher than for the solar neutrinos (up to 10 GeV and more).
Another investigative potential of SNO is related to the nowadays discussed concept of a neutrino factory [25, 26, 27] . The idea is to create muon storage rings, that would produce the neutrino beam by allowing muons to decay in the stright section of a storage ring. The obtained beam would have a precisely known composition depending only on the muons which decay, µ + −→ e + + ν e +ν µ , (1.6) µ − −→ e − +ν e + ν µ .
(1.7)
In comparison with the low-energy solar neutrinos, the neutrinos from reactions (1.6), (1.7) can be produced at much higher energy interval (up to 50 GeV at present), thus giving another powerful method to investigate the transition probability ν e (ν e ) → ν µ (ν µ ) by searching for leptons with the opposite sign ("wrong-sign" leptons). Besides reactions (1.2)-(1.4), we now also have similar reaction for the antineutrinos,
(1.10)
The estimated neutrino flux is ∼ 10 10 -10 11ν µ m −2 year −1 [25] from the positive muons stored with the momenta p = 20 -50 GeV/c. In such a factory, ν e are produced with about the same flux [25] . It is to be noted that the flux of the atmospheric neutrinos at the terrestrial surface is ∼ 3 x 10 10 m −2 year −1 [28] that is close to the estimated flux of the neutrinos from the neutrino factory.
These considerations make theoretical studies of neutrino interactions with the deuterons interesting. The cross sections for the neutrino-deuteron reactions up to energies 170 MeV were calculated in Refs. [29, 30, 31, 32] within the framework of the standard nuclear physics calculations at low and intermediate energies. In Refs. [30] , [32] , the static part of the weak exchange currents of the pion range is included. Recently, the ρ meson exchange weak axial pair term was also included [33] . The axial exchange currents were considered for the same reactions in the low energy region in Refs. [34] , [35] within the framework of effective field theories. The agreement between the standard approach and the one based on the effective field theories is about 1% up to energies 20 MeV.
Three experiments of PV electron scattering on hydrogen have already been performed, producing the first determination of the strange magnetic form factor G
2 [36] , [37] as well as a linear combination of G s M (Q 2 ) and of the strange electric form factor G [38] , all suggesting a positive value of the strange magnetic moment of the nucleon µ s = G s M (0) , contrary to most of the theoretical predictions. In order to reduce the uncertainties in the extraction of the weak form factors from the measured asymmetries on the proton, the experimental program on PV electron scattering is being actively pursued at the MIT-Bates Laboratory [39] , [40] , at the TJNAL [41] and at MAMI [42] using, besides hydrogen, light nuclei ( 2 H, 4 He) as target. The theoretical analysis of these experiments clearly requires an accurate evaluation of the two-body electroweak currents.
Several calculations of the PV inclusive [43] - [47] and exclusive [48] , [49] electron scattering off deuterons have already been done considering different theoretical issues, such as the dependence of the PV asymmetry on the NN potential models and on the final state interactions [45] ; the role of the relativistic corrections [46] ; the effects of the PV NN interactions [43] , [44] , [49] on the deuteron wave functions. The contributions of the electromagnetic twobody currents arising from the exchange of light as well as from heavy mesons has also been considered [47] . The axial exchange currents have not yet been included in the calculations, however. Let us mention that in the case of the exclusive electrodisintegration a problem arises, because of the finite acceptance of the spectrometers [48] . As a consequence, the measured PV asymmetry could receive spurious contributions from the parity conserving helicity asymmetry of the cross section that vanishes only in the strict in-plane kinematics.
Another study of the weak axial currents has recently been considered in Ref. [50] . This effective field theory of the nuclear many-body problem contains nucleon, π, σ, ω and ρ meson fields and does not contain the a 1 meson field. However, it is well known [6] , [51] that the presence of the a 1 meson in a chiral model as a chiral partner of the ρ meson is crucial for proving the low-energy theorems for the weak-and electroproduction of pions.
The structure of the paper is as follows. In Sect. II, we first discuss shortly the exchange currents derived for the Bethe-Salpeter (BS) equation in [12] . Analogously as in [12] , we then consider in Sect. III the two-nucleon weak axial relativistic amplitudes derived from the YM type Lagrangian [6] and we find the PCAC equation, to which the amplitudes satisfy. In Sect. IV, using the method of Ref. [5] , we first define the weak axial nuclear exchange currents (WANECs). According to this definition, the nuclear exchange current is defined as the difference of the relativistic exchange amplitude and of the first Born iteration of the nuclear equation of motion. In our case, the relativistic amplitudes are those of Sect. III and we refer to the Schrödinger (Lippmann-Schwinger) equation for the two nucleon system, as to the nuclear equation of motion. Next we derive the nuclear PCAC that the WANECs should satisfy to. Then we proceed to investigating the structure of the WANECs and present the resulting currents. At last, we study the model dependence of the currents, arising due to the existence of the amplitudes, considered in Ref. [12] within the approach of the hidden local symmetries [9] . We discuss our results in Sect. V.
II. MESON EXCHANGE CURRENTS FOR THE BETHE-SALPETER EQUATION
At high energies, relativistic effects both in the potential kernel and transition operator (current) should be considered within the same formalism. This can be done from the beginning within the framework of relativistic equations. As a step in this direction, an investigation [12] of the structure of the weak axial meson exchange currents (MECs) in conjunction with the BS equation considered in the ladder approximation has recently been carried out. Both the one-boson exchange (OBE) potentialsV B and the one-and two-nucleon current operators were constructed from chiral Lagrangians of the N∆(1236)πρ a 1 ω system and from the associated one-body currents using the technique of Feynman diagrams. These Lagrangians are an extension of the standard non-linear σ model [52] that is invariant under the transformations from the global chiral group SU(2) L ×SU(2) R . This model contains nucleons and pions only.
One of the employed Lagrangians [6] represents the appraoch developed earlier, in that the heavy meson fields ρ and a 1 are introduced as massless YM compensating fields. These fields belong to the linear realization of the local chiral SU(2) L ×SU(2) R symmetry. This symmetry is violated by the heavy meson mass terms introduced by hands. Also the external electroweak interactions should be introduced by hand, because there are no other charges available, that could be associated with them. Inspite of this internal inconsistency, this approach turned out to be succesful in describing the nuclear phenomena in the region of low and intermediate energies [53] .
The defects of the approach of the massive YM fields are removed in the HLS approach.
In this method, a given global symmetry group G g of a system Lagrangian is extended to the larger one by a local group H l and the Higgs mechanism generates the mass terms for gauge fields of the local group in such a way that the local symmetry is preserved. For
l the gauge particles are identified [10, 54] with the ρ-and a 1 mesons. An additional extension by a local group U l (1) allows one to include the isoscalar ω meson as well [11] . Moreover, external gauge fields, which are related to the electroweak interactions of the Standard Model, are included by gauging the global chiral symmetry group G g . Lagrangian constructed within the HLS scheme and suitable for constructing the exchange currents is given in Ref. [9] .
The physical content of our YM and HLS Lagrangians differs only due to the different choice of higher order terms in the Lagrangian, correcting the high energy behaviour of elementary amplitudes.
The Lagrangians contain all necessary vertices which together with the associated one-body currents can be used in constructing many body current operators. We restrict ourselves to the one-and two-nucleon weak axial MECs.
In our approach, the operator of the one-nucleon weak axial current for the ith nucleon is
Here g A = -1.26 and ∆
) is the propagator of the a 1 (π) meson.
The divergence of the current (2.1) is
Here the operator of the nucleon axial chargeê A (i) and the inverse of the nucleon propagator G −1 (p) are defined aŝ
Generally, the MEC, constructed in conjunction with the BS equation, contains various contact and mesonic terms, but it does not contain the nucleon Born terms, the contribution from which is actually generated, when one calculates the matrix element of the one-nucleon current between the solutions of the BS equation. The general structure of the weak axial MEC operator is given in Fig. 1 .
The details of the structure of the constructed weak axial MEC operators can be found in [12] . Here we discuss the essential features of their structure.
a) The currents derived from the YM type Lagrangian
For the B=π, ω meson exchanges we have In this model, the ρ and a 1 meson exchanges should be considered together and the resulting MEC operator satisfies the continuity equation
The obtained MECs differ from those constructed for the on-shell nucleons by the presence of some additional terms that disappear for the on-shell nucleons. As an example, let us consider the contribution from one of the pion contact terms,
where the pion absorption amplitudes arê
Besides the contact current (2.6), constructed earlier in [55] we have an additional term (2.7) which disappears for the on-shell nucleons. This can be seen from Eq. (2.9), where the right hand side is proportional to the momentum transfer q 1 that provides zero when sandwiched between the spinors of the first nucleon.
b) For the currents derived from the HLS type Lagrangian, Eq. (2.4) holds for all considered exchanges.
The full BS weak axial current is defined aŝ 10) where the impulse approximation current iŝ 11) and the weak axial MECĴ a 5µ, BS (ex) is given by the contribution from the exchanges considered in [12] .
Using the Ward-Takahashi identities for the one-and two-nucleon currents [12] yields for the divergence of the full BS current 12) where the inverse Green function is
M a is the full pion absorption amplitudê
the BS propagator in term of the single-particle propagators reads G BS = -i G 1 G 2 and the full OBE potential is,V
Since the two-body BS wave functions for both bound and scattering states satisfy the equation 16) the matrix element of the divergence of the full current (2.12) fulfil the standard PCAC constraint
The model dependence is given by effects arising from the difference between the MECs derived in considered schemes. More detailed checking [12] shows that they are either of short-range nature or momentum dependent.
III. TWO-NUCLEON WEAK AXIAL MESON EXCHANGE AMPLITUDES OF THE π, ρ, A 1 AND ω RANGES
We first write the weak axial amplitude for the ith nucleon (i = 1, 2)
Here q i = p ′ i − p i , the vector-meson propagator is generally designed as
and the pseudovector and pseudoscalar vertices are defined as
The divergence of the amplitude (3.1) is
Here the one-body pion absorption amplitude M a (1, i) is defined as The general structure of the two-nucleon weak axial amplitudes is given in Fig. 1 . For convenience, we shall modify the notations in some cases.
A. Two-nucleon weak axial amplitude of the pion range
This amplitude is the same as the one derived in [55] , except that now g A < 0. Essentially, it has potential and non-potential parts. The potential amplitudes are presented in Fig. 2 . The Born terms correspond to Figs. 2(a) and 2(b) and they read
where we used, according to Eq. (3.1), that
In the given case, the potential amplitude, Fig. 2 (c), consists of several contact terms. The weak interaction is mediated either by the a 1 -or π meson. The a 1 -pole contact terms of the type J a 5µ, c π (a 1 ) are
and
The π meson contact terms of the type J a 5µ, c π (π) are of the form
where the pion absorption amplitudes are
We first calculate the divergence of the Born terms (3.6) with the result
where the nucleon Born pion absorption amplitude M a π is
A direct calculation of the divergence of the amplitudes (3.10) and (3.11) yields
Taking into account Eqs. (3.14) and (3.16), we can write
This continuity equation allows us to define the potential weak axial pion exchange amplitude as
Let us note that the amplitude (3.8) does not enter the resulting potential one (3.18). As it was shown in [55] , it satisfies the PCAC together with the non-potential amplitudes (see below) that are constructed from the πρ a 1 vertices. So we find its natural place among these non-potential amplitudes that we will now consider. While the potential amplitudes do not depend on the Lagrangian model, the non-potential ones do depend. Here we consider the amplitudes, derived from the YM model.
The non-potential weak axial exchange amplitudes of the π range.
They are given in Sect. 4 of Ref. [55] and they are presented in Fig. 3 . The explicit form of the amplitudes in the present notation is
Strightforward calculation yields for the divergence of the amplitudes (3.8) and (3.19)-(3.22)
Keeping in mind Eq. (3.20) for the amplitude J a 5µ, ρ π (π) and the continuity equation (3.23), it should hold for the other contact terms
Evidently, the non-potential weak axial pion exchange amplitude is defined by Eq. (3.23) as
As noted above, the natural place for the amplitude J a 5µ, c 1 π (a 1 ) is among the non-potential ones.
We define the two-nucleon weak axial pion exchange amplitude as .23), we obtain the PCAC for the pion exchange amplitude 27) where the pion absorption amplitude
The amplitudes, considered above, served in Ref. [55] as the input for constructing the WANECs of the pion range and there is no need to reconsider them here. We only note that at low energies, the weak axial nuclear potential pion exchange currents play little role. The non-potential current, related to the amplitude (3.22), dominates the time component of the weak axial nuclear pion exchange current and its effect can be clearly seen in light nuclei [56] - [60] . As already noted in Sect. I, the time component of the weak axial nuclear heavy meson exchange currents plays an important role [1] , [2] in explaining the data on the firstforbidden beta decay in the lead region [3] , [4] . The effect of this component turns out to be as important as the one from the weak axial pion exchange current. Let us also note that in Refs. [1] , [2] , only the time component from the pair terms was cosidered. Besides, in Ref.
[1], the continuity equation for the pair terms, given after Eq. (35), is in error. As we shall see below, contact terms always enter. In Ref. [2] , no continuity equation is derived for the currents. In addition, at higher energies, as in the case of the electromagnetic interaction, heavier mesons are expected to play a non-negligible role.
These facts and expectations, discussed in a more detail in Sect. I, provide enough arguments to reconsider the construction of the weak axial nuclear heavy meson exchange currents. We shall consider ρ, a 1 and ω exchanges. As in the pion exchange case, we study first the exchange amplitudes.
B. Two-nucleon weak axial exchange amplitudes of the ρ and a 1 meson range
As it will become clear soon the ρ and a 1 exchanges should be considered in the YM model simultaneously. The weak axial exchange amplitudes of the ρ meson range are as follows. We first consider the potential amplitudes of Fig. 4 . The Born terms of the ρ meson range read
where
The only potential contact term is
where 
In Eq. (3.36), we modify the notation for the pion absorption amplitude from
The calculation of the divergence of the potential amplitudes (3.29) and (3.32) yields the equation 38) where the Born pion absorption amplitude M a ρ is
The non-potential weak axial exchange amplitudes of the ρ range.
In the next step of deriving the continuity equation for the ρ meson exchange amplitudes we calculate
However, the amplitude M 
that together with Eq. (3.38) provides for the exchange amplitude J a 5µ, ρ (2), defined as
the continuity equation in the form 44) where the pion absorption amplitude is given as 
Evidently, this difference is an operator of the a 1 meson range. As we shall see below, it will be compensated by the contribution from the weak axial exchange amplitudes of the a 1 meson range. 47) and three contact terms [see Fig. 6 
The associated pion absorption amplitudes are
Let us note that the amplitudes (3.48) are derived from the same NNπa 1 vertices as the pion exchange amplitudes, only the role of the weak and strong interacting mesons is exchanged.
The calculation of the divergence of the nucleon Born term (3.47) and of the contact amplitude J a 5µ, c 1 a 1 (π) yields equation 52) where the Born pion absorption amplitude M a a 1 is
We next calculate 55) with the amplitude J a 5µ, a 1 (2) defined as 56) and with the pion absorption amplitude M a a 1 (2) given by
The sum of the last two terms at the right hand side of Eq. (3.55) yields
Observing that the right hand sides of Eqs. (3.46) and (3.58) are of the same form but with the opposite sign we derive the PCAC for the sum of the weak axial ρ and a 1 meson exchange amplitudes 
The last two-nucleon weak axial amplitude we will now construct is that of the ω meson range.
C. The two-nucleon weak axial amplitude of the ω meson range
The ω meson is a vector meson with the isospin zero and the ω meson exchange amplitudes contain only the potential amplitudes, which are of the same form as the ρ meson potential amplitudes of Fig. 4 with the ω meson exchanged instead of ρ. The Born terms of the ω meson range read
In its turn, the contact amplitude
Calculating the divergence of the amplitudes (3.61) and (3.64) yields for the ω meson exchange amplitude J a 5µ, ω (2), defined as
the PCAC equation 
We have completed the presentation of the weak axial one-body amplitude and of the π, ρ, a 1 and ω meson exchange amplitudes in the tree approximation. These amplitudes satisfy the PCAC equations (3.4), (3.27), (3.59) and (3.67). So far, these amplitudes contain the point BNN vertices. It is now timely to discuss the inclusion of the strong form factors into them.
D. The strong form factors
We have dealt with the point BNN vertices so far. The usual way to introduce the strong interaction effects in the BNN vertices is to introduce the form factors F BN N (q 
It is a simple matter to verify that the one-nucleon amplitude (3.1) should be redefined similarly
Then for the divergence of this amplitude we have the same Eq. (3.4) but with the redefined quantities.
Introducing the strong form factors into the potential amplitudes (3.6), (3.10) and (3.11) follows the standard prescription [61] and the pion propagator connecting the baryon lines is modified as
This prescription is not suitable for the non-potential amplitudes (3.19)- (3.22) . In this case the correct procedure is
In order that the PCAC (3.23) would be satisfied in the presence of the strong form factors, the pion propagator of the amplitude (3.8) should be modified as
Checking the PCAC for the amplitudes of the ρ and a 1 meson range we conclude that it would be valid also with the strong form factors included provided 1. In all amplitudes of the ρ range 
Finally it holds for the amplitudes of the ω meson range that the necessary modification is
Using the results obtained in [12] , one can derive the two-nucleon weak axial amplitudes from the HLS Lagrangian in the same manner. We mention only that the ρ and a 1 exchange amplitudes satisfy the PCAC separately and that the model dependence should be expected at higher energies, because it is of the short range nature. In the next section, starting from the obtained two-nucleon weak axial amplitudes, we derive the WANECs.
IV. WEAK AXIAL NUCLEAR EXCHANGE CURRENTS
In deriving the WANECs we follow the method developed in Ref. [5] for the electromagnetic currents and applied in Refs. [55] and [62] for the WANECs of the pion range. We define the WANEC of the range B as
where the two-nucleon amplitudes J a 5µ, B (2) are derived in the previous section and t a, F BI 5µ, B is the first Born iteration of the one-nucleon current contribution to the two-nucleon scattering amplitude satisfying the Lippmann-Schwinger equation [5] 
where Fig. 7 . Further, V B is the OBE nuclear potential and
is the weak axial nuclear one-nucleon current in the momentum space. It is the nonrelativistic reduction of the one-nucleon amplitude J It also follows that it holds for the current of Fig. 7 (a)
while for the current of Fig. 7(b) we have
The amplitude J a 5µ, B (2) contains the nucleon Born terms, graphically presented in Figs. 1(a) and 1(b). For them, the four-momentum conservation takes place, from which the following equations for the energy transfer follow
Next we derive the continuity equation for WANEC.
A. The PCAC equation for the WANEC
In order to derive the nuclear PCAC for the current j 
from which the following equation follows
Here m a (1, p ′ 1 , p 1 ) is the nuclear one-nucleon pion absorption amplitude, obtained from the amplitude M a (1, 1), Eq.(3.5), by the non-relativistic reduction. Since 
It follows from Eqs. (3.27), (3.59) and (3.67) that the divergence of the amplitude J a 5µ, B (2) can be written as 
where 15) and the first Born iteration of the one-nucleon pion absorption amplitude is
We shall call the amplitude m a B (2) the nuclear two-nucleon pion absorption amplitude of the range B. It is seen from Eq. (4.15) that it is defined in the same way as the WANEC in Eq. (4.1).
We now pass to investigate the structure of the WANECs.
B. The structure of the WANECs
As it is seen from Eq.(4.1), the structure of the WANECs differs from the structure of the two-nucleon weak axial exchange amplitudes studied in the previous section. Generally, the difference can arise from the difference of the positive frequency part of the nucleon Born terms and of the first Born iteration calculated from the one-nucleon current and the solution of the equation of motion of the first order in the potential. In the case of the BS equation, the nucleon Born terms and the first Born iteration coincide and therefore, the BS currents do not contain the nucleon Born terms, in order to avoid the double counting. In the case of the Schrödinger equation, the positive frequency part of the nucleon Born term and the first Born iteration differ and this difference provides a contribution to the WANECs. Here we shall calculate this difference. For this purpose, we write down the general form of the nucleon Born amplitude
where it holds for various meson exchanges
The pion pole part of the nucleon Born amplitude is related to the pion absorption amplitude
Let us introduce the notations 24) from which it follows
If the exchanged boson is the isovector then 26) and for the isoscalar exchange
Using these notations, we can rewrite Eq. (4.17) into the form 
where the quasipotential V B is defined as In this section, we present the resulting WANECs.
Vertex currents
As it is seen from Eqs. (4.18) and (4.19), the ρ-and ω exchanges can contribute into the vertex current j a 5µ, B (vert) after expanding in the BNN vertex of the pseudopotential V B around P 0 = E( P ) and Q 0 = E( Q). Let us write first
Then Eq. (4.40) can be cast into the form
Analogously for the expansion of the vertex BNN around Q 0 = E( Q) we havẽ
and 
Let us proceed to the non-relativistic reduction of the current j a 5µ, B (vert). We calculate firstū
Next we write down the needed matrix elements of the one-nucleon weak axial current. For the space part we have 50) while for the time component the following equations hold
In Eqs. (4.50),(4.51) and (4.52),
, where m l is the lepton mass. Using Eqs. (4.46)-(4.52), we obtain 
Keeping in mind Eqs.(4.47)-(4.49), we need to calculate onlỹ
The strightforward calculation yields
External exchange currents
These currents arise from the q 0 dependence of the amplitudesJ 5 µ in Eqs. (4.33) and (4.34). They are given by the equation
TakingJ 5 µ from Eq. (3.1), one obtains
B is the leading order term in the B-meson exchange potentialṼ B . In deriving these equtions, we neglected terms
Pair term retardation
This contribution arises from the pair terms due to the all meson exchanges and it appears from the difference between the energy dependence in the propagator of the pseudopotential and the potential [5] ,
is the retardive part of the potentialṼ B [5] and ν is a parameter of a unitary transformation [63] .
The final result for the retardation currents is
We obtain for m a B (ret) an analogous equation with the changej 5µ (1,
Negative frequency part of the nucleon Born terms
This contribution arises from the nucleon Born currents J a 5µ, B , Eq. (4.28), by the change
We consider first the B=ρ and ω meson exchanges.
Employing Eq. (A4) for S (−) F allows us to write
For the needed current matrix elements we obtain
Keeping in Eqs. (4.68) and (4.69) only the terms ∼ (1 + κ B ), we obtain for the negative frequency terms of the ρ-and ω ranges For the ρ meson exchange, these equations yield
This result is valid also for the ω meson pair term with the obvious change
The part of our current j 
With A B (P) and B B (Q) given in Eqs. (4.68) and (4.69), calculatinḡ
and keeping only the terms ∼ (1 + κ B ), we obtain 
. Here the second term arises from the a 1 meson propagator ∼ q 2ν q 2η /m 
The part of our axial exchange charge density J a 50, a 1 (pair) that is ∼ g A F A differs from Eq. (39a) of Ref. [1] .
The currents, studied so far, are derived from the nucleon Born term amplitudes. We now present currents, which have the origin in other amplitudes of the sections III B and III C.
Potential contact WAMECs
Here we have (i) The current derived from the amplitude J a 5µ, cρ (π) of Eq. (3.32),
(ii) The currents arising from the amplitudes J a 5µ, c i a 1
The sum of the pion absorption amplitudes m 
(4.99)
In its turn, the current j
Let us compare the mesonic current j a 5µ, a 1 ρ (a 1 ) with the rho meson pair current of the Sect. IV C 4. It is seen that the corresponding parts of the space and time components are related by the factor 
D. Model dependence
It follows from Sect. 4 of Ref. [12] that the ρ and a 1 meson exchange amplitudes, constructed within the HLS approach, satisfy the continuity equation separately. This should be also true for the WANECs constructed from these amplitudes. We further discuss the difference between the WANECs derived in the preceding section from the YM Lagrangian and the WANECs following from the HLS concept. We have completed the construction of the heavy meson WAMECs of our models. In the next section, we discuss the obtained results.
V. DISCUSSION OF OBTAINED RESULTS
In this paper, we construct the weak axial nuclear heavy meson exchange currents of the ρ-, ω-and a 1 meson range. These currents are suitable for calculations employing nuclear wave functions obtained by solving the Schrödinger equation with the one-boson exchange potentials.
In accord with Ref. [5] , we define the nuclear exchange currents in Eq. (4.1) as the difference of relativistic Feynman amplitudes of Sect. III and of the first Born iteration of the nuclear equation of motion (4.2). The currents, defined in this manner, should satisfy the nuclear PCAC equation (4.14).
After performing the standard non-relativistic reduction, we obtain the currents in the leading order in 1/M. The non-zero difference arises due to the difference between the positive frequency part of the nucleon Born terms and of the first Born iteration, which gives rise to the vertex, external and retardation terms. The sum of the vertex terms and of the negative frequency Born terms results in the nuclear pair currents. The space part of our ρ meson pair current (4.78) differs from that used in Refs. [13] , [33] , [64] , [65] .
Besides the contribution from the nucleon Born terms, the potential contact and nonpotential currents appear after the non-relativistic reduction of the relevant relativistic amplitudes. As discussed after Eq. (4.101), the time component of the current Eq. (4.99) can contribute sizeably to the enhancement factor [1] in the first-forbidden β decay in heavy nuclei.
Besides the set of the currents, obtained from the YM Lagrangian, another set of currents arises from the Lagrangians of the HLS approach, thus providing a model dependence of our currents. This model dependence should manifest itself at higher energies.
Our exchange charge and current densities are obtained in a general reference frame in terms of individual nucleon coordinates. This is a good approximation in the low energy region. For higher energies, the calculations of the observables by sandwiching the operators between the intrinsic wave functions demand to go one step further: analogously with the case of the electromagnetic exchange currents [67] , the center-of-mass frame dependence should be separated. This will be done elsewhere.
The nucleon propagator is split into the positive-and negative frequency parts as follows 
For a weak semileptonic reaction in the two-nucleon system NN
we write the field-theoretical S-matrix element in the form
where the matrix element of the lepton weak current is
the weak hadron current consists of the weak vector and weak axial vector parts
and the momentum transfer q = p f − p i = P i − P f . In what follows, we deal only with the weak axial hadron current J a 5µ (q).
We define the potentials and quasipotentials in a similar way, as it is done in Appendix A of Ref. [5] .
We discussed next, how the operator of a weak axial nuclear current j a 5µ , used in conjunction with the equation describing our NN system, can be related to the field-theoretical current J a 5µ (q). Let the time evolution of the NN system is described by a Hamiltonian H = T + V , where T is the kinetic energy and V is the nuclear potential, which we take as the sum of the OBE potentials, 
where m a is the associated pion absorption amplitude. Supposing that the current consists of the one-and two-nucleon components, this equation splits into the following set of equations q i · j 
In Eq. (A12), we neglected ρ a 5 (2, q) in the second commutator on the right hand side. Taking into account that q 0 = q 10 + q 20 , we find that Eqs. (4.14) and (A12) are in the full correspondence in the space of the nuclear states, which are the eigenfunctions of the Hamiltonian H. So we can consider the current j 
